1. In order to discriminate between homeostatic and circadian control of energy expenditure, this paper considers whether a shorter circadian cycle will produce a proportional reduction in energy expenditure (so that expenditure per unit time is conserved) or alternatively whether energy expenditure will be compressed into the shorter cycle (so that energy expenditure per cycle is conserved). To answer this question, we measured energy expenditure in tau mutant hamsters (whose free-running circadian period has been reduced to about 20 h by a single gene mutation) and wild-type hamsters (whose free-running circadian period is about 24 h). 2. In one experiment, the circadian rhythm of running-wheel activity of tau mutant hamsters was compared with that of wild-type hamsters. The rate of running was not affected by the mutation and, consequently, the total amount of activity per cycle was significantly less in mutants than in wild-type hamsters, whereas the total amount of activity per unit time was nearly the same. 3. In a second experiment, we measured energy expenditure by indirect calorimetry. Metabolic rate was not affected by the mutation and, consequently, the total amount of energy expended per cycle was significantly less in mutants than in wild-type hamsters but equivalent per unit time. 4. Because the amount of energy expenditure and locomotor activity was found to be proportional to the circadian cycle, we conclude that expenditure per unit time -rather than expenditure per circadian cycle -is conserved in the mutant animals. Therefore, we infer that energy expenditure in hamsters is primarily under homeostatic, not circadian, control. Further research is necessary to determine whether this inference can be applied to other species.
each circadian cycle. The distinction between these two possibilities can be sharpened by posing the following concrete question: if the circadian cycle of an animal is shortened, will there be a proportional reduction in energy expenditure (so that expenditure per unit time is conserved) or will the energy expenditure be compressed into the shorter cycle (so that energy expenditure per cycle is conserved)? Aschoff (1964) suggested that the latter alternative is correct in consideration of the fact that the alternation of day and night, established by the earth's rotation, imposes on most animals a daily cycle of food availability, mating opportunities, and so on. If sources of energy and opportunities for energy-consuming activities are subject to a daily oscillation, it would be adaptive for animals to regulate energy expenditure on a circadian basis rather than on a primarily homeostatic basis. The hypothesis that a shortening of the circadian cycle will lead to a compression of energy expenditure into the shorter cycle could not be satisfactorily tested until the recent discovery of a genetic mutation that drastically reduces the period (ô) of circadian rhythms (Ralph & Menaker, 1988; Menaker & Refinetti, 1993 
METHODS
Two separate experiments were conducted. In the first experiment, we looked at energy expenditure in terms of locomotor activity. We obtained data on the running-wheel activity of sixty-four male Syrian hamsters (9-16 weeks old) maintained in constant darkness for 2 or more weeks (only data from the last 10 days being used for data analysis). Half of the animals were wild-type (mean body mass, 128 g) and half were homozygous tau mutants (mean body mass, 125 g). All animals were housed individually in plastic cages (25 cm ² 46 cm ² 20 cm) fitted with 17 cm diameter running wheels and lined with wood shavings. The cages were provided with Purina lab chow and water and placed in ventilated light-tight wooden chambers. Microswitches attached to the wheels allowed recording of activity in 6 min bins by microcomputers fitted with data acquisition hardware and software (Dataquest III, Data Sciences Inc., St Paul, MN, USA).
In the second experiment, we measured energy expenditure by indirect calorimetry in animals without access to running wheels. Sixteen male hamsters (8 wild-types and 8 homozygous tau mutants) were tested in constant darkness after being maintained under a light-dark cycle (14 h light-10 h dark and 12 h light-8 h dark for wild-types and mutants, respectively) for at least 2 weeks. The animals were tested individually in a 4 l airtight plastic animal chamber with bedding, Prolab rodent pellets and water. The chamber was maintained at a stable ambient temperature of 22°C in constant darkness. Oxygen consumption was measured by drawing air through the chamber at 4 l min¢ and determining the oxygen content with an oxygen analyser (Eco-Oxymax, Columbus Instruments, Columbus, OH, USA) after extraction of moisture in desiccant columns (Silica Gel Blue, Fluka Chemika, Buchs, Switzerland). The analog output of the analyser was fed into a data acquisition system (A-Bus, Alpha Products, Darien, CT, USA), which computed metabolic rate (in W kg¢) by standard procedures (Gordon, 1993 ) using a caloric equivalent of 20·4 J ml¢. Animals were transferred to the metabolic chamber (maintained in constant darkness) during early subjective night. After a 10 h adaptation period, data for each animal were collected in 6 min bins for three consecutive circadian cycles (72 h for the wild-types and 60 h for the mutants).
RESULTS
Representative records of the running wheel activity of two hamsters are shown in Fig. 1 . The data for the wild-type hamster are plotted on a 24·1 h time scale, whereas those for the mutant are plotted on a 20·2 h time scale to facilitate visual inspection. Onsets and offsets of activity can be seen in both records, although onsets are more regular than offsets. The interval between onset and offset is called á and includes a variable interval of inactivity. We used the value of á as an index of temporal organization of running activity.
As a second index, we used the total number of revolutions per cycle. Cycle length (i.e. the period of the rhythm) was calculated by visual regression of the onsets (Pittendrigh & Daan, 1976 ) and á was calculated as the interval between onset and offset. Values of á calculated by two independent observers were significantly correlated (r = 0·96, P < 0·001). The mutants had significantly shorter circadian periods and also shorter á values (Table 1) . However, when á was expressed as a fraction of ô, the two groups did not differ significantly. Therefore, the duration of the active phase represents essentially a constant proportion (40%) of cycle length. In spite of this, the amount of activity per cycle could have been conserved by the mutants if they ran more than the wild-types during their (shorter) active phase. This was not the case. Wild-types ran more than mutants in each cycle, and the mean number of revolutions per 24 h was not significantly different between wild-types and mutants. A more detailed analysis of the temporal organization of running-wheel activity is shown in Fig. 2 . For each circadian cycle of each animal, we computed the amount of activity per circadian hour (starting at the activity onset on the first cycle) both as the absolute number of revolutions and as a percentage of the total revolutions in the cycle. Then, we obtained the 'circadian profile' of each animal by averaging the data from ten consecutive cycles. Finally, we averaged the activity profiles of all animals in each group. The profiles of mutants and wild-type hamsters were very similar, most of the activity being concentrated in the first 8 h of the cycle. When the absolute number of revolutions was considered ( Fig. 2A) , wild-type hamsters had a higher overall level of activity during the first hours of the cycle. However, when the values were expressed as a percentage of total activity per cycle (Fig. 2B) , the profiles of the two groups did not differ significantly from each other.
- Table 1 . Parameters of running-wheel activity in wild-type and homozygous tau mutant hamsters
-------------------------------------------------------------------------------------------
Wild-type 24·08 ± 0·02 9·73 ± 0·17 0·40 ± 0·01 9796 ± 748 9768 ± 744 Mutant 20·39 ± 0·04 ** 8·57 ± 0·17 ** 0·42 ± 0·01 7597 ± 516 * 8952 ± 600  ------------------------------------------ ----Each value is the mean ± s.e.m. of 32 animals. ô, circadian period; á, interval between onset and offset of activity. Differences between means were evaluated with Student's unpaired t tests (62 degrees of freedom). The probabilities associated with the t tests were P > 0·10 unless indicated (* P < 0·02, ** P < 0·001). Figure 1 . Records of running-wheel activity of a wild-type (A) and a homozygous tau mutant hamster (B) maintained under constant darkness Each line corresponds to one circadian cycle (note the difference in time scale between the two records). The height of each bar is proportional to the amount of activity in that 6 min bin. In both animals the duration of the active phase is approximately 40% of the circadian cycle. Table 2 . Metabolic rate of wild-type and homozygous tau mutant hamsters
Each value is the mean ± s.e.m. of 8 animals. Differences between means were evaluated with Student's unpaired t tests (14 degrees of freedom). The probabilities associated with the t tests were P > 0·10 unless indicated (**P < 0·001). 4, wild-type; %, mutant. Each point is the mean of 32 animals. The data are plotted in circadian hours (each circadian hour is 1Ï24 of a circadian cycle). By convention, circadian time 12 corresponds to the onset of activity. Because of very high interanimal variability in the amount of running, the standard deviations were not included in the figure, and the statistical comparison of the groups was conducted by nonparametric procedures. The profiles of the two groups are very similar, especially when the amount of activity is expressed as a percentage of total activity in the cycle (Kolmogorov-Smirnov's test of similarity of distribution: D(100) = 0·114, P > 0·05).
The mean results of the indirect calorimetry measurements are shown in Table 2 . Since the wild-type hamsters have a longer circadian cycle than the mutants, they expended more energy per cycle (MJ ô¢ kg¢) than the mutants. However, their energy expenditure per unit time (W kg¢) was not significantly different from that of the mutants.
DISCUSSION
The results indicate that the shortening of ô in the tau mutant hamster has produced a proportional reduction in the amount of activity and energy expenditure per cycle. This implies that activity and energy expenditure are regulated on a per-unit-time basis rather than on a circadian basis. Therefore, we conclude that energy expenditure in hamsters is primarily under homeostatic, not circadian, control. Further research is necessary to determine whether this inference can be applied to other species, particularly ectothermic ones, which do not modulate metabolic heat production as a means of regulating body temperature. The results are also consistent with the hypothesis that the tau mutation has a specific effect on the circadian pacemaker, affecting the circadian period and the phase shifting response to light (Shimomura & Menaker, 1994) without affecting other parameters of overt circadian rhythms. Additional support for this idea comes from our studies of the effects of the tau mutation on the circadian rhythm of body temperature. As with the activity rhythm, the tau mutation affected only the period of the temperature rhythm, so that the amplitude, mean level, and shape of the temperature rhythm of mutants did not differ from those of wild-type hamsters (Refinetti & Menaker, 1992a) .
